Introduction
Marine organisms are an enormously rich source of structurally diverse secondary metabolites of novel and complex molecular architecture. These marine natural products often have important biological properties with high potency, and thus represent promising leads for drug discovery and molecular probes for elucidating important biological processes. In particular, ladder shaped polycyclic ether class of natural products has attracted a great deal of attention from chemists and biologists due to their complex molecular structures coupled with remarkably potent and diverse biological properties. 1 Since the unprecedented, complex structure of brevetoxin B, a Florida red tide toxin, was rst reported by the research group of Nakanishi and Clardy in 1981, 2 a number of structurally related polycyclic ethers have been identi ed and structurally elucidated with the recent spectacular advances in spectroscopy, in particular NMR. These toxic metabolites, mainly produced by dino agellates, usually contain extended arrays of trans fused cyclic ethers of sizes ranging from ve to nine membered. Figure 1 shows representative naturally occurring polycyclic ethers. Despite the common polycyclic ether structure motif, they show a broad range of biological activities of extreme potency, including neurotoxicity, cytotoxicity, and antifungal activity. However, the molecular targets have only been identi ed for the brevetoxins and ciguatoxins, which bind to and activate voltage gated sodium channels (VSGC) of excitable membranes. 3 5 Very recently, it has been reported that gambierol acts as a potent and subtype selective inhibitor of voltage gated potassium channels. 6, 7 As is often the case for many marine natural products, due to their scarce natural abundance and the dif culties of chemical modi cation, the biological characteristics of many of these polycyclic ether molecules have not yet been fully investigated. An increasingly important and often sole solution to these supply problems is chemical total synthesis. Under these circumstances, over the past two decades, considerable effort has been devoted to the development of a number of new synthetic methodologies and strategies and their application to total synthesis of this class of marine natural products. 8 In particular, the most critical issue in their preparation is development of methods for convergent coupling of polycyclic ether fragments, which must be amenable to complex fragment coupling at an advanced stage of the synthesis. In 1998, we reported a new strategy for the convergent synthesis of polycyclic ethers based on palladium catalyzed Suzuki Miyaura cross coupling of alkylboranes with lactone derived enol tri ates. 9 This useful method was subsequently extended to the use of cyclic enol phosphates as coupling partners, 10 and successfully applied to the total synthesis of natural products. This review focuses on the total synthesis of brevenal, a new member of the polycyclic ether natural products by means of the Suzuki Miyaura coupling strategy.
Suzuki Miyaura Coupling Strategy for Polycyclic Ether Synthesis
Transition metal catalyzed cross coupling reactions have come to play a critically important role in contemporary organic synthesis. 11 Among them, the palladium catalyzed Suzuki Miyaura coupling reaction has been one of the most useful and reliable carbon carbon bond forming reactions in organic synthesis. 12 This reaction has several signi cant advantages over other cross coupling reactions; most notably, it is capable of generating a C(sp 3 ) C(sp 2 ) bond. In particular, a wide range of alkylboranes, prepared through the regio and stereoselective hydroboration of readily available alkene precursors, can be employed in situ in the reaction. This variant is also termed B alkyl Suzuki Miyaura coupling, and its rst examples were reported by Miyaura and Suzuki in 1986. existed no application of the Suzuki Miyaura coupling reaction to polycyclic ether synthesis.
Our own investigations in this area have focused on development of a practical method for the convergent assembly of polycyclic ether systems. Thus, we designed a convergent coupling strategy that relies upon Suzuki Miyaura cross coupling for the union of polycyclic ether fragments as outlined in Scheme 1. After extensive optimization using a model substrate, it was found that the Suzuki Miyaura coupling of lactone derived enol tri ate 3 with alkylborane 2, generated in situ through the hydroboration of exo ole n 1 with 9 BBN H, afforded the desired cross coupled product 4 in good yields under the in uence of aqueous Cs 2 CO 3 as a base and a PdCl 2 (dppf)/Ph 3 As catalyst system in THF/DMF at room temperature. 9 This is the rst use of a lactone derived enol triate as substrate in the Suzuki Miyaura cross coupling. Stereoselective hydroboration of enol ether 4 thus obtained followed by oxidation of the resultant alcohol led to ketone 5, from which the polycyclic ether skeleton 7 could be constructed by treatment with EtSH in the presence of Zn(OTf) 2 and subsequent radical reduction 16 of the derived mixed thioacetal 6. Alternatively, oxidation of the sul de with m CPBA to the corresponding sulfoxide or sulfone, followed by treatment with Me 3 Al, allowed for the introduction of an angular methyl group to give 8. 16, 17 We next extended the Suzuki Miyaura coupling strategy to the synthesis of polycyclic ethers containing medium sized cyclic ethers. However, Suzuki Miyaura coupling of cyclic enol tri ates was limited to the reactions of six membered rings, and seven membered enol tri ates could not be employed due to their instability under the aqueous basic conditions used in the coupling. 18 This problem was overcome by using enol phosphates, substrates superior to their tri ate counterparts with respect to stability and handling. 19 After considerable experimentation, it was eventually found that six to nine membered enol phosphates, generated from the corresponding lactones, can be utilized as the substrates in the Suzuki Miyaura coupling with alkylboranes under the in uence of a palladium catalyst with an electron rich supporting ligand to afford the desired coupled products of a variety of ring sizes in high yields. 10, 20 As outlined in Schemes 2 and 3, the generality and feasibility of our synthetic strategy have been demonstrated by its successful application to the rst total syntheses of ( ) gambierol 20c,f and ( ) gymnocin A, 20h,j which have been reviewed elsewhere.
8h, 21 Recently, a number of reports on the synthesis of polycyclic ether natural products based on the strategy we developed have been described by other groups. 22 24 
Total Synthesis and Structure Revision of ( ) Brevenal
Brevenal, isolated by Baden, Bourdelais, and co workers from the Florida red tide forming dino agellate Karenia brevis along with brevetoxins, represents a new member of the polycyclic ethers. 25 Based on extensive 2D NMR studies, the gross structure including relative stereochemistry was originally described in 2004 to be that of compound 9 ( Figure 2 ). Although the molecule is relatively small at about half the size of brevetoxins and ciguatoxins, the pentacyclic polyether core possessing four methyl and two hydroxy substituents, and the characteristic multi substituted (E,E) dienal side chain make it a synthetically daunting target molecule. Particularly unique and intriguing is the biological pro le of brevenal. This polycyclic ether substance competitively displaces tritiated dihydrobrevetoxin B ([ 3 H]PbTx 3) from voltage gated sodium channels (VGSC) in rat brain synaptosomes, although brevenal is non toxic to sh and antagonistic to the toxic effects of brevetoxins in vivo. 25 Importantly, it has been reported that brevenal signi cantly improves tracheal mucus velocity at picomolar concentrations in an animal model of asthma, making this substance a potential lead for the development of novel therapeutic agents for the treatment of mucociliary dysfunction associated with cystic brosis and other lung disorders. 26 More recently, Mattei and co workers reported that brevenal is a potent inhibitor of catecholamine secretion induced by ciguatoxin without affecting other secretagogue activities, such as nicotine or barium induced secretion of catecholamine. 27 These results suggest brevenal has potential as a naturally occurring potent inhibitor of ciguatoxin induced neurotoxic effects and for treatment of ciguatera seafood poisoning.
Its remarkable structural features coupled with these promising biological properties of brevenal have attracted considerable attention from organic chemists. Our initial efforts focused on the synthesis of the published structure 9 ( Figure 2 ) for brevenal by means of our established Suzuki Miyaura coupling based convergent strategy. 28 However, the 1 H and 13 C NMR spectra for our synthetic 9 were not identical to those for naturally derived brevenal; therefore it was necessary to revise the initial structural assignment. Upon close inspection of the NMR data of synthetic 9 and the authentic sample, the greatest discrepancies were found around the C26 tertiary alcohol of the E ring, suggesting that the stereochemistry at this stereogenic center of the natural product may have been incorrectly assigned. We thus proposed the revised structure 10 ( Figure 2 ) for natural brevenal, the C26 epimer of the originally proposed structure. Revised structure 10 is also supported by the postulated biosynthetic pathway of ladder shaped polycyclic ether marine natural products, as proposed independently by Nakanishi and Shimizu 29 ( Figure 3) , and is consistent with the right half structure of the closely related natural product, hemibrevetoxin B, 30 isolated from the same dino agellate K. brevis. As described below, the revised structure 10 was ultimately con rmed by the rst total synthesis of ( ) 10, which also established the absolute con guration of the natural product. 31 Subsequent to our work, a synthetic approach by the Crimmins group 32 and two total syntheses by the laboratories of Kadota/Yamamoto 23 and Rainier 33 have been reported.
First generation Total Synthesis
Our original synthetic plan for brevenal (10, correct structure) is outlined in Scheme 4. The characteristic unsaturated side chains at both ends of the molecule were to be installed at a late stage of the total synthesis, while the pentacyclic polyether core 11 was envisioned as being constructed from the AB ring enol phosphate 12 and the DE ring exo ole n 13 through a Suzuki Miyaura coupling followed by construction of the C ring via a mixed thioacetal. tion/hydrogenolysis, and Yamaguchi lactonization 36 of the resultant hydroxy acid afforded seven membered lactone 21, which was then transformed to the requisite AB ring enol phosphate 12.
For the DE ring exo ole n 13, the known seven membered ether 22 37 was selected as the starting material (Scheme 6). Benzylation, ozonolysis of the double bond followed by reductive workup, a second benzylation, and acid hydrolysis of the benzylidene acetal afforded diol 23. Sequential tri ation and TBS protection in a one pot operation according to the Mori procedure, 38 was followed by CuI catalyzed displacement with allylmagnesium bromide to give alkene 24. Wacker Tsuji oxidation 39 using a PdCl 2 /Cu(OAc) 2 system 40 provided methyl ketone 25. Deprotection of the TBS ether followed by introduction of a β alkoxyacrylate unit onto the resultant secondary alcohol led to 26. SmI 2 induced reductive cyclization 8b,c of 26 proceeded smoothly to furnish a mixture of lactone 27 and hydroxy ester 28 in 57% and 37% yields, respectively. Both compounds could be reduced with LiAlH 4 to yield the same diol 29, which was then converted in two steps to primary alcohol 30. Parikh Doering oxidation 41 and Wittig methylenation of the resultant aldehyde led to 31, which was then transformed into primary alcohol 32 in a ve step sequence. Finally, iodination and subsequent treatment with KOt Bu completed the synthesis of the DE ring exo ole n 13.
With the requisite fragments in hand, we then moved to the crucial assembly of these compounds by the Suzuki Miyaura coupling (Scheme 7). Hydroboration of the DE ring exo olen 13 with 9 BBN H generated an alkylborane, which was treated in situ with the AB ring enol phosphate 12 in the presence of aqueous Cs 2 CO 3 solution and catalytic amounts of Pd(PPh 3 ) 4 in THF/DMF at 50 to generate the desired cross coupled product 33. Subsequent stereoselective hydroboration of the enol ether moiety with BH 3 SMe 2 delivered an alcohol as a single stereoisomer in 81% overall yield from 13, and subsequent TPAP oxidation 42 provided ketone 34. The next task was stereoselective introduction of a hydroxyl group at C14. To this end, ketone 34 was rst converted into the corresponding trimethylsilyl enol ether and then oxidized with OsO 4 / NMO to furnish the desired α hydroxy ketone 35 as the sole product. Subsequent reduction of the C15 ketone was accomplished by using DIBALH (THF, 78 ) to provide the requisite cis diol 36 in 85% yield along with its trans isomer (8%). After protection of 36 as its bis TES ether, removal of the PMB group and TPAP oxidation 42 of the resultant alcohol afforded ketone 37. To complete the C ring with an angular methyl group at C19, ketone 37 was treated with EtSH in the presence of Zn(OTf) 2 in CH 2 Cl 2 at room temperature to effect deprotection of the TES ethers with concomitant formation of a mixed thioacetal, and subsequent TBS protection delivered 38. Introduction of the C19 axial methyl group was successfully achieved by m CPBA oxidation of the sul de moiety at 78 C followed by in situ treatment of the putative sulfoxide with excess amounts of Me 3 Al and warming the mixture to room temperature. This one pot oxidative activation of the sul de and stereoselective methylation 16 furnished the desired pentacyclic polyether 39 in 94% yield as a single isomer. A three step sequence of careful protecting group manipulations then delivered alcohol 11.
Our total synthesis of brevenal was completed by sequential incorporation of the unsaturated side chains at both ends of the molecule (Scheme 8). The left hand multi substituted (E,E) dienal side chain was constructed through Stille coupling at the C3 C4 bond. For this purpose, alcohol 11 was transformed into alkyne 40 in a ve step sequence. Regioselective silylcupration of 40 using (Me 2 PhSi) 2 Cu(CN)Li 2 43 delivered the requisite (E) vinylsilane 41 with approximately 9:1 regioselectivity. Subsequent iododesilylation with N iodosuccinimide (NIS) 44 in MeCN/THF (3:1) afforded (E) iodoalkene 42 in 88% yield for the two steps. During this iododesilylation step, partial isomerization of the alkene stereochemistry was observed (E:Z ca. 6:1). Without separation of these isomers, the crucial Stille coupling of 42 with (E) vinyl stannane 43 was Scheme 7. Synthesis of the pentacyclic polyether core 11. Scheme 8. Total synthesis of the revised structure for brevenal (10).
carried out under the optimal conditions developed during our model experiments. Thus, cross coupling of 42 with 43 using a Pd 2 (dba) 3 /Ph 3 As catalyst system in the presence of copper(I) thiphene 2 carboxylate (CuTC) 45 in DMSO/THF at room temperature proceeded smoothly to furnish (E,E) diene 44 in 60% isolated yield as a single stereoisomer after puri cation by ash chromatography on silica gel. After protection of alcohol 44 as its TBDPS ether, the primary TES ether was selectively removed with PPTS to give alcohol 45 (Scheme 8). The right hand (Z) diene side chain was elaborated according to the Nicolaou procedure from the total synthesis of hemibrevetoxin B. 46 Thus, Parikh Doering oxidation 41 of 45 followed by Wittig reaction with an ylide generated from phosphonium salt 46, and subsequent oxidative elimination of the phenylselenenyl group with hydrogen peroxide delivered conjugated (Z) diene 47 in 77% yield for the three steps. Finally, global desilylation with tris-(dimethylamino)sulfonium di uorotrimethylsilicate (TAS F) 47 and chemoselective oxidation of the C1 allylic alcohol completed the total synthesis of revised structure 10 for brevenal. Gratifyingly, the spectroscopic data of synthetic 10 were completely identical with those of the natural product, thus culminating in the rst total synthesis of the correct structure of brevenal. In addition, the speci c rotation of synthetic 10 matched the value for the natural authentic sample in both sign and magnitude. Thus, we rigorously assigned the relative and absolute stereochemistry of brevenal to be identical to that shown as structure 10.
Second generation Total Synthesis
Although our rst generation total synthesis determined the correct structure and absolute con guration of naturally occurring brevenal, it required 50 steps from a commercially available starting material (2 deoxy D ribose) in the longest linear sequence to supply only milligram quantities of brevenal. In particular, the synthesis suffered from lengthy transformations required for both syntheses of fragments and assembly of the polycyclic ether core from these fragments. To address these issues, we devised an alternative synthetic route for the pentacyclic polyether core, which allows for signi cant material throughput.
In designing the overall synthetic plan, we paid particular attention to minimizing the number of manipulations of oxygen containing functional groups, and attempted to formulate a streamlined strategy for the synthesis of polycyclic ethers comprised of six and seven membered rings. In the course of our studies, we incidentally found a novel oxidative lactonization of 1,6 diols using a catalytic amount of TEMPO and PhI(OAc) 2 as the stoichiometric oxidant. 48, 49 To the best of our knowledge, application of these conditions to oxidative lactonization of 1,6 diols to construct seven membered lactones has not been reported. 50 The generality of this oxidative lactonization of 1,6 diols has been evaluated in our laboratory using various substrates and some examples are shown in Table 1 . 51 In particular, this methodology does not require differentiation of the primary and secondary hydroxy groups, and oxidation takes place exclusively at the less hindered primary hydroxy group with concomitant lactonization to form the seven membered lactones. Thus, in our strategy, diol 48 would be directly transformed into lactone 49 (Scheme 9). For the functionalization of lactone 49, Suzuki Miyaura coupling of cyclic enol phosphate 50 with alkylborane 51 and subsequent hydroboration of the resultant enol ether 52 would afford cyclic ether 53 with simultaneous generation of two stereogenic centers in a stereocontrolled manner under substrate control. Signi cantly, only four steps are required for the construction of cyclic ether 53 from simple diol 48, and this sequence would allow for a practical synthesis of cyclic ether fragments. Furthermore, as described before, convergent assembly of cyclic ether fragments by means of our Suzuki Miyaura coupling/mixed thioacetalization chemistry would give access to larger polycyclic ether arrays in a rapid and efcient manner. Overall, a practical synthesis of polycyclic ethers would be possible by exploiting oxidative lactonization, Suzuki Miyaura coupling, and mixed thioacetalization as key transformations.
With these general considerations in mind, we planned the second generation synthesis of ( ) brevenal as illustrated in Scheme 10. In order to reduce the number of steps after fragment coupling, the pentacycle 11, a key intermediate in the previous synthesis, was retro synthetically disconnected into the AB ring exo ole n 54 and the DE ring enol phosphate 55. The assembly of these two fragments by Suzuki Miyaura coupling followed by construction of the C ring through a mixed thioacetalization/one pot methylation sequence as described before would provide rapid access to the pentacycle 11 in a highly convergent manner. The fully functionalized AB ring exo ole n 54 was, in turn, disconnected into alkylborate 56 and the B ring enol phosphate 57 based on a further application of the Suzuki Miyaura coupling/mixed thioacetalization strategy. The enol phosphate 57 would be available from 1,6 diol 58 via oxidative lactonization. We also planned to apply our general strategy to the synthesis of the DE ring fragment 55. Thus, enol phosphate 55 could be accessed from 1,6 diol 59 via oxidative lactonization, which in turn would be obtained from the E ring enol phosphate 60 by Suzuki Miyaura coupling with an appropriate alkylborane. The E ring would be again available by means of oxidative lactonization, this time from 1,6 diol 61.
The synthesis of the AB ring exo ole n 54 started with the known unsaturated ester 62, available in two steps from 2 deoxy D ribose (Scheme 11).
19c Oxidative lactonization of 58, prepared from 62 in ve steps, with catalytic TEMPO and PhI(OAc) 2 (2.5 equiv) proceeded smoothly under non high dilution conditions (CH 2 Cl 2 (0.1 M), room temperature) to afford the B ring lactone in 93% yield, and ensuing enolization with KHMDS in the presence of (PhO) 2 P(O)Cl gave enol phosphate 57. Suzuki Miyaura coupling of 57 with alkylborate 56, generated in situ from iodide 64 under modi ed Marshall conditions, 52 was carried out under conditions of aqueous Cs 2 CO 3 and Pd(PPh 3 ) 4 in THF/DMF at 50 to furnish enol ether 65 in 90% yield. Stereoselective hydroboration of 65 using thexylborane followed by TPAP oxidation 42 of the resultant alcohol provided ketone 66 as a single isomer. Deprotection of the PMB group and subsequent treatment with EtSH in the presence of Zn(OTf) 2 afforded mixed thioacetal 67. Introduction of the C12 angular methyl group was achieved by the one pot m CPBA oxidation/methylation protocol, to give bicyclic ether 68 in 90% yield.
To install the C14 hydroxy group, we made use of the intrinsic conformational bias of seven membered cyclic ethers. Thus, the benzyl ethers of 68 were removed under hydrogenolyScheme 11. Synthesis of the AB ring exo ole n 54.
Scheme 10. Second synthetic plan of ( ) brevenal. sis conditions and the resultant primary alcohol was selectively protected as its TIPS ether to afford secondary alcohol 69 (Scheme 11). After considerable experimentation, it was found that regioselective elimination of the C15 hydroxy group was best accomplished by a one pot tri ation and β elimination protocol (Tf 2 O, 2,6 lutidine, CH 2 Cl 2 , 78 ; then DBU, 78 to room temperature) to give cleanly ole n 70. As expected, upon treatment of 70 with OsO 4 /NMO, dihydroxylation exclusively occurred from the less hindered β face, leading to the desired cis diol 71 as a single stereoisomer. The stereochemistry of product 71 was established by an NOE experiment on the corresponding acetonide derivative. After obtaining primary alcohol 72 through a series of protective group manipulations, iodination and base treatment furnished the fully functionalized AB ring exo ole n 54.
The synthesis of the DE ring enol phosphate 55 commenced with the known epoxy alcohol 73, 53 readily prepared from 1,4 butanediol in four steps (Scheme 12). Regioselective ring opening of the epoxide with Ti(OPMB) 4 followed by direct formation of the terminal epoxide, 54 and subsequent copper(I) catalyzed allylation provided alcohol 74. Dess Martin oxidation 55 and chelate controlled methylation gave a tertiary alcohol, which was further converted into diol 61 in three steps. TEMPO/PhI(OAc) 2 mediated oxidative lactonization of 61 proceeded smoothly to deliver lactone 75 in 97% yield. After conversion into enol phosphate 60, Suzuki Miyaura coupling with alkylborane 76 derived from 4 (4 methoxybenzyl) 1 butene and 9 BBN H was effected (aqueous Cs 2 CO 3 , Pd(PPh 3 ) 4 , DMF, 50 ) to provide the expected enol ether 77 in 97% yield for the two steps. Hydroboration of 77 with thexylborane proceeded in a highly stereoselective manner to provide a secondary alcohol, from which the PMB group was removed to give diol 59. A second oxidative lactonization of 59 using TEMPO/PhI(OAc) 2 cleanly furnished seven membered lactone 78 (92%). Finally, enolization with KHMDS in the presence of (PhO) 2 P(O)Cl furnished the DE ring enol phosphate 55.
Having successfully constructed the AB and DE ring fragments, we were ready to examine their union through the Suzuki Miyaura coupling/mixed thioacetalization protocol (Scheme 13). The AB ring exo ole n 54 was subjected to hydroboration with 9 BBN H, and the resultant alkylborane was directly reacted with 55 under the optimized conditions using aqueous Cs 2 CO 3 furnished primary alcohol 11, which is a key intermediate in the previous total synthesis of ( ) brevenal. 31 The spectral data for this material matched with those of the sample previously prepared. Thus, the fully functionalized pentacyclic core structure 11 was successfully prepared from commercially available 2 deoxy D ribose with the longest linear sequence of 34 steps (50 steps in the previous synthesis). 57 Signi cantly, utilizing this improved route, we were able to prepare more than two grams of the intermediate 11 containing the pentacyclic core of ( ) brevenal.
Conclusions
We have developed two approaches to the total synthesis of ( ) brevenal, a non toxic polycyclic ether marine natural product with promising biological activity, which features Suzuki Miyaura coupling for the convergent union of the AB and CD ring fragments and formation of the C ring through a mixed thioacetalization protocol. The exible and convergent synthetic route of the rst generation total synthesis ultimately led to the structural revision and absolute stereochemical determination of brevenal, demonstrating the vital role that total synthesis continues to play in the context of structure determination of complex natural products. In the second generation approach, the pentacyclic polyether core was rapidly and ef ciently constructed based on a newly designed streamlined strategy, exploiting TEMPO/PhI(OAc) 2 mediated oxidative lactonization of 1,6 diols, Suzuki Miyaura coupling of lactone derived enol phosphates, and mixed thioacetalization as the key transformations. This practical synthetic route provided more than two grams of the pentacyclic core of brevenal, thereby paving the way for preparation of a variety of non natural analogues and molecular probes based on this promising natural product for use in detailed investigations on its structure activity relationships and molecular mechanism of action.
